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Switching schemeAbstract The aircraft engine multi-loop control system is described and the switching control
theory is introduced to solve the regulating and protecting control problems in this paper. The
aircraft engine multi-loop control system is ﬁrstly described and the control problems are formu-
lated. Secondly, the theory of the smooth switching control is devoted and a new extended scheme
for the smooth switching of a switched control system is introduced. Then, for the key technologies
of aero-engines switching control, a design algorithm is presented which can determine which
candidate controller should be put in feedback with the plant to achieve a desired performance
and the procedure to design the aircraft engine multi-loop control system is detailed. The switching
performance objectives and the switching scheme are given and a family of PID controllers and
compensators is designed. The simulation shows that using the switching control design method
can not only improve the dynamic performance of the aircraft engine control system and reduce
the switching times, but also guarantee the stability in some peculiar occasions.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.
Open access under CC BY-NC-ND license.1. Introduction
With the development of advanced aircraft engine technology,
the control technology plays an increasingly important role.Because the aircraft engines have become more complex, with
more control signals and higher demands on performance and
functionality, electronic control systems have been intro-
duced.1,2 The experience of development of the aircraft engines
in the world shows that the performance parameters of aircraft
engines, such as thrust, speciﬁc fuel consumption, surge mar-
gin, etc., can be changed to a certain extent in order to increase
aircraft engines function, adaptation and reliability to meet the
requirements of different potential users and can be imple-
mented only by using advanced control modes and control
laws, causing little change on the aircraft engines’ hardware.
The aircraft engine is a complex nonlinear system operated
in an uncertain environment of limits: limits in temperature,
air pressure and physical acceleration, etc. Aircraft engine
Fig. 1 Architecture of multi-controllers.
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models under the multiple trimmed ﬂight conditions through-
out the ﬂight envelope. For each of these operating points a
corresponding linear controller is derived using the well-estab-
lished linear-based control design methods.3–5 However, a
problem of this approach is that good performance and
robustness properties cannot be guaranteed for a highly non-
linear aircraft engine. Nonlinear control methods have been
developed to overcome the shortcomings of linear design
approaches.
Several nonlinear control system design methods have
emerged over the past two decades.6–9 The theoretically estab-
lished feedback linearization approach is the best known and
most widely used among these methods. Feedback lineariza-
tion is a nonlinear design method that can explicitly handle
systems with known nonlinearities. By using nonlinear feed-
back and exact state transformations rather than linear
approximations the nonlinear system is transformed into a
constant linear system. This linear system can in principle be
controlled by just a single linear controller.10,11
During the past decade, switched systems have attracted
signiﬁcant attention, because they can model several practical
control problems that involve the integration of supervisory
logic-based control schemes and feedback control algorithms.
And the results have been developed for linear12 and nonlinear
systems.13–15 Concerning output feedback control of switched
systems, the results are as follows. In Ref.16, by checking the
existence of a switched Lyapunov function, linear matrix
inequality-based sufﬁcient conditions are derived to deal with
the switched static output feedback control of discrete-time
switched systems under arbitrary switching. Since there exist
linear time-invariant systems, which cannot be stabilized via
a single static output feedback, research has been dedicated
to the study of hybrid static output feedback stabilization of
linear time-invariant systems.17–21 In Ref.22, the output feed-
back robust stabilizability problem for uncertain dynamic sys-
tems is also considered.
The outline of this paper is as follows. First, the aircraft
engine multi-loop control system is described in Section 2
and the control problems are formulated. Section 3 is devoted
to the theory of the smooth switching control; a new extended
scheme for the smooth switching of a switched control system
and an algorithm is also presented in this section. Section 4
shows the procedure to design the aircraft engine multi-loop
control system and the simulation results and comparisons.
Finally, the conclusion can be obtained in Section 5.
2. Description of aircraft engine multi-loop control system
2.1. Aircraft engine descriptions
No matter for the linear or nonlinear control system design
methods, the aircraft engine will encounter limits on some
occasions. So the aircraft engine control system consists of a
family of continuous-time subsystems and switches from one
to another depending on various environmental factors (see
Fig. 1). When the aircraft engine switches from one sub-con-
trol loop to another, the stability of the system is the basic per-
formance that must be considered. Therefore, there is much
space to improve the dynamic performance of the control
system.In this section, the aircraft engine of two-spool turbofan
engine model was developed by the MATLAB simulation envi-
ronment and its Simulink toolbox. The schematic conﬁgura-
tion of the turbofan engine that was simulated is shown in
Fig. 2. The high pressure compressor (HPC) and high pressure
turbine (HPT) are on one shaft (driven by the high speed
rotor), while the fan, booster and low pressure turbine (LPT)
are on the other shaft (driven by the low speed rotor). Bleed
effects (for air bleed from the booster and the compressor)
are not currently considered in the model.
The engine simulation model, which is called nonlinear
component level (NCL) model, consists of the static elements:
inlet, fan (single stage), booster (four stages), high pressure
compressor (nine stages), combustor, high pressure turbine
(single stage), low pressure turbine (four stages) and main noz-
zle which are modeled as lumped parameter thermodynamic
systems, represented by performance maps, constant coefﬁ-
cients, and thermo and aero-dynamic relationships and the
dynamic elements which include low speed rotor and high
speed rotor. In the model, the rotor dynamics (for the high
speed and low speed rotors) is represented by the equation
of conservation of angular momentum. Components, includ-
ing the fan, the compressor and the turbines, are described
in the form of maps and look-up tables based on their individ-
ual experimental data. The combustion efﬁciency and pressure
losses are simply ﬁtted by curves. Fig. 3 shows the characteris-
tics of the turbofan engine typical components. In Fig. 3, pF,
gF, wa,cor,F are fan pressure ratio, fan efﬁciency, and fan cor-
rected air mass ﬂow; pB, gB, wa,cor,B are booster pressure ratio,
booster efﬁciency, and booster corrected air mass ﬂow; pC, gC,
wa,cor,C are compressor pressure ratio, compressor efﬁciency,
and compressor corrected air mass ﬂow.
2.2. Multi-objective with aircraft engine
As a modern aircraft, in order to achieve high performance
ﬂights, a high performance aircraft engine control system is
essentially indispensable. But there are also many limits during
the aircraft engine working process. For example, when the
aircraft engine accelerates from one stable condition to
another, the compressor surge imposes limits on the aircraft
engine operation.
Fig. 4 shows the limit represented by the surge line. The
surge line demarcates the regions between stable and unstable
operation of the compressor. If the accelerating line goes
through the surge line, the stability of the aircraft engine
working condition is destroyed. Therefore, the aircraft engine
Fig. 2 Schematic conﬁguration of two-spool turbofan engine.
Fig. 3 Characteristics of turbofan engine typical components.
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Fig. 6 Illustration of dead-stick conditions and possible method
for avoidance.
Fig. 7 Limits of the aircraft engine works.
Fig. 8 Ilustration of typical engine control requirements.
Fig. 4 Maps of aircraft engine working characteristics.
1100 X. Liu et al.control system has to switch to a stable control loop to avoid
the unstable surge oscillation.
Also in the accelerating process, the more fuel ﬂow can
cause the excess air coefﬁcient to go through the rich
blow-out line (see Fig. 5), resulting in a combustor blow-out
event and loss of thrust. So the aircraft engine control system
has to switch from the accelerating control loop to another
stable control loop, such as speed control loop.
If a limit of turbine temperature is encountered, the remain-
ing command has no effect on an engine. The condition is
known as dead-stick and is said to be rather disconcerting.
Fig. 6 shows the phenomenon. The pilot lever generates a
speed governing and a temperature governing characteristic
(Curves 1 and 2, respectively). As speed increases along Curve
1, turbine temperature may rise according to Curve 3. If the
temperature reaches its permissible limit before the speed
attains its maximum value, Curve 3 must intersect Curve 2.
This condition can be detected by equality of the two voltage
signals representing a demand and an observed temperature.
Control can be smoothly transferred from Curve 1 to Curve
2 over the remaining portion of lever movement, and con-
versely, as the lever is returned to a lower speed demand.
The principle is obviously applicable to several protection con-
trols; whichever parameter reaches its control line ﬁrst deter-
mines the ﬁnal mode of control. Therefore, the safe working
regions are shown in Fig. 7.
2.3. Regulation and protection of multi-loops controllers
As for the rotary speed control of twin shafts engines, one
shaft is already controllable, the other one can be controlled
by aerodynamic match. Both spools need to be independently
protected against over-speed conditions. Fig. 8 illustrates a
typical complex control requirement. The speed of the high
pressure spool is controlled by the pilot lever angle. To achieveFig. 5 Variation of excess air coefﬁcient with spool speed.
Fig. 9 Turbine pressure ratio schedule related to control
requirement.a compromise between engine handling behavior and fuel con-
sumption, the turbine pressure ratio is shown in Fig. 9. When
it approaches to maximum low pressure spool speed, turbine
pressure ratio is progressively reduced. For further pilot
lever angle command, high pressure turbine temperature rises
Fig. 11 A sketch map for multi-loop switched control system
based on Min/Max switching law.
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pressure spool speed remains almost constant. During this pro-
cess, in order to prevent the over-speed and over-temperature,
the traditional control system makes the aircraft engine’s accel-
eration a slow transition.
In accelerating control loop, it allows for independent set-
ting of spool speed and turbine temperature, allowing engine
working lines to be more closely ‘‘ﬁtted’’ to surge line, with
beneﬁt to speciﬁc fuel consumption. The speed of response
of a nozzle compared with the accelerating time of engine rotor
permits rapid thrust control. But the surge margin is an impor-
tant factor that will inﬂuence the accelerating progress, which
is shown in Fig. 4.
In the aircraft engine control ﬁeld, the control requirements
of an engine may be classiﬁed into the following three aspects:
(1) performance controls, for optimum engine operation; (2)
limit controls for mechanical integrity; (3) change-of-state con-
trols, mainly for engine handling.
Turbine temperature should not exceed a value determined
by the properties of constructional materials. To accelerate an
engine, fuel ﬂow is increased; a too rapid increasing-rate of fuel
ﬂow may result in a breakdown of the airﬂow conditions
within a compressor, causing engine surge. In order to satisfy
the multi-objectives in aircraft engine control, the control sys-
tem set up includes many sub-control loops, which is shown in
Fig. 10. In Fig. 10, nH is high pressure rotor speed; nHref is ref-
erence of nH; wf is fuel ﬂow; wfref is reference of wf and Ref is
reference of limit parameter. But during the controller design
process, there are many contradictions between the sub-con-
trol loops.
2.4. Problem of switching in aircraft engine control
The current application about switching in aircraft engine con-
trol is based on Min/Max switching law (see Fig. 11) and
focuses mainly on the problem of stability, feedback stabiliza-
tion. And this switching method is widely applied to engineer-
ing practice and is proved effective.
The typical feature of this class of switched control system is
that it includes an integral saturating limit and a Min/Max
switching law at the same time. The function of integral satura-
tion limiting is to shorten switching delay time so that the system
can be switched rapidly; the function of theMin/Max switching
law is to select the control signals based on the minimum (max-
imum) value law. The coupled interactions between the integral
saturation limiting and theMin/Max switching law result in that
the two controllers are always competing to control the system
hence the multi-objective control can be realized.
According to the above Fig. 11, for instance, the control
signal u2 in loop2 is the minimum between the two loops,Fig. 10 Simpliﬁed diagram of the aircraft engine.and loop1 is inactive and will soon reach in a limit state ﬁnally
due to an integral saturation limiting. When loop2 is motivated
under an outside input r2, the output y1 may exceed the setting
limit r1 in the control process of y2, thus the PI1 must be active
to control y1 in this case. The switching condition is that the
control signal of loop1 is equal to and less than that of loop2.
If one controller is at work, the other one will be inactive.
After the PI1 has replaced the PI2 to take over the system,
the accumulated output at the initial stage has been high which
may cause an dynamic overshoot of output y1; moreover, as
there is always a non-zero error input to PI2, high output accu-
mulated after a long integrating period will cause a change in
the operation condition, which means it will cost more time to
counteract this high output when the system need to be
switched from loop1 back to loop2.
According to the shortage of Min/Max switching law, the
paper proposes an example to show switching phenomena
between the accelerating control loop (loop2) and the tempera-
ture limitation control loop (loop1) and the switching strategy is
rplantðtÞ ¼
1; T > Tmax
2; T < Tmax

ð1Þ
and the simulation is shown in Fig. 12, Tables 1–3. In Fig. 12,
nL is low pressure rotor speed; T

4 is turbine output tempera-
ture and Dwf is variation of fuel ﬂow. In Tables 1–3, H is alti-
tude; Ma is Mach number; r is overshoot and ts is settle time.
We assume that the temperature limit is shown in
Fig. 12(c). As accelerating sub-control loop fuel ﬂow demand
increases, T4 approaches the safe limit, and the temperature
protection controller engages to control the engine. As
expected, there are small glitches during controller switching
and the tracking performance is acceptable.
However, this kind of switching method balances the
performance and safety, somehow, sacriﬁces the system perfor-
mance to guaranty the safety. It can be indicated that a key
problem of how to increase switching rapidity to decrease
the dynamic response overshoot in switching process should
be focused for this class of multi-loop switched control system
based on the switching law.
3. Smooth switching scheme design
3.1. Problem statement and preliminaries
Consider the switched control system
_xðtÞ ¼ AxðtÞ þ BuðtÞ; xðt0Þ ¼ xð0Þ
uðtÞ ¼ urðtÞðtÞ
yðtÞ ¼ CxðtÞ þDuðtÞ
8><
>: ð2Þ
Fig. 12 Comparison of two different switching schemes.
1102 X. Liu et al.where r(t):[0, +1)ﬁ P= {1, 2,   , N} is the switching signal
to be designed; xðtÞ 2 Rn is the system state, and uðtÞ 2 Rm the
control input; urðtÞðtÞ 2 Rm represents the sub-controllers out-
puts and yðtÞ 2 Rl is the vector of system measurements; A,
B, C and D are real constant matrices of appropriate dimen-
sions. Corresponding to the switching signal r(t), we have
the switching sequence
K ¼ x0; ði0; t0Þ; ði1; t1Þ;    ; ðik; tkÞ;    ; jik 2 Pf gWhen t 2 ½tk; tkþ1Þ; rðtÞ ¼ ik, that is, the ikth subsystem is
activated.
A set of controllers can be designed in advanced based on
the method in Ref.23 as follows:
ji :
_xjiðtÞ ¼ AjixjiðtÞ þ BjiDyi
uiðtÞ ¼ CjixjiðtÞ þDjiDyi

ð3Þ
where xjiðtÞ 2 Rnj is the ith controller state, and
Aji ;Bji ;Cji ;Dji are the corresponding matrices; Dyi is the
Fig. 13 Proposed smooth switching scheme.
Table 1 Difference between two switching schemes (H= 0 km, Ma= 0).
Performance parameter r (%) ts (s)
Minimum selecting Proposed switching method Minimum selecting Proposed switching method
nH 0 0.048 1.24 0.61
nL 0 0 1.90 1.14
T4 0 0.117 1.20 0.29
Table 2 Difference between two switching schemes (H= 5 km, Ma= 0.5).
Performance parameter r (%) ts (s)
Minimum selecting Proposed switching method Minimum selecting Proposed switching method
nH 0 0.048 1.43 0.78
nL 0 0 2.21 1.48
T4 0 0.359 1.16 0.23
Table 3 Difference between two switching schemes (H= 8 km, Ma= 0.6).
Performance parameter r (%) ts (s)
Minimum selecting Proposed switching method Minimum selecting Proposed switching method
nH 0 0.054 1.54 1.04
nL 0 0 2.59 2.02
T4 0 0.159 0.99 0.32
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Fig. 14 Switching scheme process.
Fig. 15 Comparison of different models at different working
points of whole ﬂight envelope.
1104 X. Liu et al.difference between the reference value ri and the measured sys-
tem output yi (Dyi = ri  yi).
From the above simulation (shown in Fig. 12), we can ﬁnd
that the modiﬁed switching scheme can improve the aircraft
engine performance; however, during switching, the switching
signal has much oscillation. Therefore, the compensatory con-
troller must be designed to deal this problem.
Integral action is used in classical control to eliminate
steady state errors when tracking signals. It can be introduced
into the linear quadratic (LQ) framework by considering the
integral of the tracking error as an extra set of state variables.
For any ofﬂine controller ji, i 2 P, deﬁne the error state as
_xi ¼ uðtÞ  uiðtÞ ¼ uðtÞ  ðCjixjiðtÞ þDjiDyiÞ ð4ÞDeﬁnition 124. Given a positive scalar e> 0, a switching
controller ji is said to perform a smooth switching if, whenever
controller is switched, there exists a ﬁnite time Te > 0 such
that the output of a controller jj to be switched satisﬁes the
condition limt!Te juðtÞ  ujðtÞj 6 e, where u(t) = ui(t). In par-
ticular, ji is said to perform a strictly smooth switching
limt!1 uðtÞ  ujðtÞ
  ¼ 0.
The ofﬂine controller’s input is transformed from system
reference input ri into compensatory controller output rCji ,
Therefore, combining Eqs. (3) and (4), we can get the aug-
mented system for the ith ofﬂine controllerFig. 16 Singular value in accelerating control loop.
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_xiðtÞ
 
¼ Aji 0Cji 0
 
xjiðtÞ
xiðtÞ
 
þ Bji
Dji
 
yiðtÞ
þ BjiDji
 
rCjiðtÞ þ
0
I
 
uðtÞ
ð5Þ
For simplicity, the augmented system (Eq. (5)) is rewritten as
_xiðtÞ ¼ AixiðtÞ þ Bi1yi þ Bi2rCji þMuðtÞ ð6Þ
where xi ¼ xTji ;xTi
h iT
is the augmented system state vector,
Ai¼ Aji 0Cji 0
 
; Bi1 ¼
Bji
Dji
 
; Bi2 ¼
Bji
Dji
 
; M¼ 0
I
 
.
The compensatory controllers are designed by LQ method.
The cost performance index for the design of the ith smooth
switching compensatory controller is deﬁned as
Ji ¼ 1
2
Z T
0
xTi Qixi þ tTi Riti
 
dt ð7Þ
where Qi P 0;Ri > 0 and ti ¼ rCji  ri denote the difference
between compensatory controller output rCji and system’s ref-
erence signal ri. Qi for state variables is standard in optimal
control, while the Ri is used for scaling ti. The size of ti will
seriously inﬂuence the error size Eq. (4).
Therefore, when given a set of controllers (such as shown in
Eq. (3)), a set of compensatory controllers is designed, respec-
tively, such that the augmented system is stabilized and the
number of switching times is minimized. And given a set of
controllers and their compensatory controllers, a switching
law r(t) is constructed and a sufﬁcient condition is derived
such that the closed-loop system composed of Eq. (3), Eq.
(3) and compensatory controller is asymptotically stable and
simultaneously guarantees the smooth switching by switching
controllers.
3.2. Compensatory controller design
According to the above subsection’s description, suppose that
there exists a vector function kiðtÞ, such that the quadratic
form performance index function Ji can be rewritten as a
non-conditional extremum problem
Ji ¼ 1
2
Z T
0
Hi  kTi _xi
 
dt ð8Þ
where the corresponding Hamiltonian function is
Hi ¼ xTi Qixi þ tTi Riti
 
þ kTi Aixi þ Bi1yi þ Bi2rCji þMuðtÞ
  ð9Þ
The necessary conditions of Ji are
@Hi
@ki
¼ _xi
@Hi
@xi
¼  _ki
@Hi
@rCji
¼ 0
8>>>><
>>>>:
ð10Þ
where
@Hi
@xi
¼ Qixi þ ATi ki ¼  _ki ð11Þ
and
@Hi
@rCji
¼ Ri rCji  rið Þ þ BTi2ki ¼ 0 ð12Þand
rCji ¼ ri  R1i BTi2ki ð13Þ
Taking Eq. (13) into Eq. (6), the compensatory controller’s
state space description is
_xi ¼ Aixi þ Bi1yi þ Bi2 ri  R1i BTi2ki
 	
þMuðtÞ ð14Þ
Suppose25
kiðtÞ ¼ PiðtÞxiðtÞ  giðtÞ ð15Þ
and
_kiðtÞ ¼ _PiðtÞxiðtÞ þ PiðtÞ _xiðtÞ  _giðtÞ ð16Þ
According to Eq. (11)
_kiðtÞ ¼ QixiðtÞ  ATi ðPiðtÞxiðtÞ  giðtÞÞ
¼ ATi giðtÞ  ðQiðtÞ þ ATi PðtÞiÞxiðtÞ ð17Þ
Taking Eqs. (14) and (15) into Eq. (16), we have
_kiðtÞ ¼ _PiðtÞxi þ PiðtÞðAixi þ Bi1yi þ Bi2riÞ
 PiðtÞBi2R1BTi2ðPiðtÞxi  giðtÞÞ þ PiðtÞMu _giðtÞ ð18Þ
Combining Eqs. (17) and (18) yields
_PiþPiAiþATi PiPiBi2R1i BTi2PiþQi
 	
xi ¼ _gi
þ ATi PiBi2R1i BTi2
 	
giPBi1yiPiBi2riPiMu ð19Þ
Note that the left side of Eq. (19) is a product of a function
of time and state variables xiðtÞ, while the right side is only a
function of time. It means that for arbitrary t and xiðtÞ, the fol-
lowing two equations
 _Pi ¼ PiAi þ ATi Pi  PiBi2R1i BTi2Pi þQi
 _gi ¼ ðATi  PiBi2R1i BTi2Þgi  PiBi1yi
PiBi2ri  PiMu
8><
>: ð20Þ
must be satisﬁed. When tﬁ1, _PiðtÞ ! 0 and _giðtÞ ! 0, Eq.
(20) can be rewritten as
0 ¼ PiAi þ ATi Pi  PiBi2R1i BTi2Pi þQi
0 ¼ ðATi  PiBi2R1i BTi2Þgi
PiBi1yi  PiBi2ri  PiMu
8><
>: ð21Þ
and
gi ¼ ATi  PiBi2R1i BTi2
 	1
PiBi1yi þ PiBi2ri þ PiMuðtÞ
  ð22Þ
where Pi is the solution of algebraic Riccati Eq. (21).
Thus, according to Eqs. (13), (15), (22), the compensatory
controller output can be carried out
rCji ¼ Kriri þ Kxji xji þ Kxixi þ Kyiyi þ Kuiu ð23Þ
where Kri ¼ Iþ R1i BTi2 ATi  PiBi2R1i BTi2
 	1
PiBi2 ; ½Kxji Kxi 
¼ R1i BTi2Pi;Kyi ¼ R1i BTi1 ATi  PiBi2R1i BTi2
 	1
PiBi1 ; Kui
¼ R1i BTi2 ATi  PiBi2R1i BTi2
 	1
PiM
The design of compensatory controller’s output is shown in
Fig. 13. An off-line controller is closed by its compensatory
controller to drive the control signal close to the online one.
And the switching scheme process is shown in Fig. 14.
Fig. 17 Comparison of different switching schemes (accelerating switching with temperature limitation sub-control loops at H= 0 km,
Ma= 0).
Table 4 Difference between two switching schemes (accelerating switching with temperature limitation sub-control loops at
H= 0 km, Ma= 0).
Performance
parameter
r (%) ts (s)
Minimum
selecting
Switching without
compensator
Switching with
compensator
Minimum
selecting
Switching without
compensator
Switching with
compensator
nH 0 0.048 0.134 1.24 0.61 0.60
nL 0 0 0 1.90 1.14 1.13
T4 0 0.117 0.241 1.20 0.29 0.28
1106 X. Liu et al.
Fig. 18 Comparison of different switching schemes (accelerating switching with surge protection sub-control loops at H= 0 km,
Ma= 0).
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4.1. Augmented aircraft engine model
In order to analyze the time-domain performance objectives,
the linear parameter-varying (LPV) model26–28 of the form is
drawn:
_xðtÞ ¼ AðqðtÞÞxðtÞ þ BðqðtÞÞuðtÞ
yðtÞ ¼ CðqðtÞÞxðtÞ þDðqðtÞÞuðtÞ

ð24Þ
where x(t) = [nH, nL]
T, u(t) = wf, the scheduling parameter is
selected as q(t) = nH, and y(t) denotes the aircraft enginemeasured outputs, such as nH; nL; p3;T

4, and performance
parameters’ outputs, such as F (thrust), SMC (surge margin
of compressor), and so on. The following simulations show
the comparison of LPV model and NCL model.
The results obtained from simulation of the engine nH and
SMC LPV model are compared with NCL model results in
Fig. 15(a). The nH increases with an increase in wf. The model
output precision is ±1.5%. Throughout the analysis of the
operating points, when given the ﬂight condition (such as
H= 8 km and Ma= 0.6), the increasing spool speed results
in decreasing magnifying coefﬁcient and time coefﬁcient.
Furthermore, the dynamic response becomes faster. The
comparison of SMC is shown in Fig. 15(b).
1108 X. Liu et al.4.2. Smooth switching controller tuning procedure
Firstly, according to the Section 3.1, the form of accelerating
controller, temperature limit controller and surge protection
controller is respectively.
jACC :
_xACC ¼ AACCxACC þ BACC rACC  nHmesð Þ
uACC ¼ CACCxACC þDACC rACC  nHmesð Þ

ð25Þ
jT :
_xT ¼ ATxT þ BTðrT  T4 mesÞ
uT ¼ CTxT þDTðrT  T4 mesÞ

ð26Þ
jSMC :
_xSMC ¼ ASMCxSMC þ BSMCðrSMC  SMCmesÞ
uSMC ¼ CSMCxSMC þDSMCðrSMC  SMCmesÞ

ð27Þ
where the subscripts of Eqs. (25)–(27) are: ‘‘ACC’’ is accelerat-
ing control loop, ‘‘T’’ represents temperature limit control
loop, ‘‘SMC’’ is surge margin control loop and ‘‘mes’’ means
measured parameter.
The controllers are designed to achieve the following robust-
ness and performance speciﬁcations. In the accelerating sub-
control loop, the controller is tuned such that steady-state track-
ing error is zero. The settling time is expected to be within 1.5 s.
In this paper, the mixed sensitivity synthesis design method is
used to deal with the three sub-controllers. The sensitivityweight-
ing functionWS(s) is chosen to be large at low frequency in order
to obtain good command tracking at low frequency. The comple-
mentary sensitivity weighting functionWT(s) is chosen to be large
at high frequency to obtain robustness to unmodeled high fre-
quency dynamics. The sensitivity and complimentary sensitivity
weighting functions are designed as two parallel ﬁrst-order lags
and leads, respectively, with the low frequency magnitudes and
crossover frequencies speciﬁed by the user.
Here WS(s) should have the characteristic of low-pass fre-
quency, and the unity-gain crossover frequencies of 0.4 rad/s.
In order to satisfy the bandwidth requirement, WT(s)’s static
gain should be adequately small, and it should exhibit a
unity-gain crossover frequencies of 100 rad/s. According to
the above speciﬁcations, the weighting functions are chosen
as follows (see Fig. 16).
In the protection/limit sub-control loops, the weighting
functions are the same as the accelerating sub-control loop,
and the controllers of each control loop are
jACC ¼ 0:001sþ 10
6
s
jT ¼ 0:005sþ 10
5
s
jSMC ¼ 20sþ 10
5
s
8>>>><
>>>>:
ð28ÞTable 5 Difference between two switching schemes (accelerating s
Ma= 0).
Performance
parameter
r (%)
Minimum
selecting
Switching without
compensator
Switch
compen
nH 0 0 0
nL 0 0 0
SMC 5.878 10.8 0.2414.3. Simulation results
In this section, we use the controllers which are optimized
above to the aircraft engine LPV model. The following param-
eters of accelerating sub-control compensator were designed at
H= 0 km, Ma= 0 operating point and the same condition
with temperature limit and surge protection compensators.
AACC ¼
0 0
106 0
" #
; BACC1 ¼
1
0:001
" #
;
BACC2 ¼
1
0:001
" #
; M ¼
0
1
" #
;
Q ¼
11 0
0 11
" #
; R ¼ 1;
PACC ¼
14:2990301346208 10985:7193189240
10985:7193189236 10989035:9518960
" #
;
KrACC ¼ 10:0000143166330;
KxjACC ¼ 3:31331081569725;
KxACC ¼ 3:31663297194973;
KyACC ¼ 11:0000143166333;
KuACC ¼ 0:011000000029860:
AT ¼
0 0
105 0
 
; BT1 ¼
1
0:005
 
;
BT2 ¼
1
0:005
 
; M ¼ 0
1
 
;
Q ¼ 11 0
0 11
 
; R ¼ 1;
PT ¼
30:6464335407947 5469:26808301907
5469:26808301941 1094516:94148650
 
;
KrT ¼ 10:0003081662441;
KxjT ¼ 3:30009312569769;
KxT ¼ 3:31662441345543;
KyT ¼ 11:0003081662441;
KuT ¼ 0:0549999999977263:
Simulation 1: Switching process between accelerating and
temperature sub-loops. In order to show the switching between
the two sub-controllers in a harsh condition, the reference
input of the accelerating speed is given in Fig. 17(a).
Assume that the temperature limit is as shown in Fig. 17(c).
As accelerating sub-control loop speed demand increases, thewitching with surge protection sub-control loops at H= 0 km,
ts (s)
ing with
sator
Minimum
selecting
Switching without
compensator
Switching with
compensator
1.47 1.05 1.05
1.96 1.51 1.51
2.19 1.73 1.71
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controller is in charge of controlling the engine. As expected,
there are small glitches during controller switching, and the
tracking performance is acceptable. The difference of perfor-
mance between two switching schemes is shown in Table 4.
Simulation 2: Switching process between accelerating and
surge protection two sub-loops.
ASMC ¼
0 0
105 0
 
; BSMC1 ¼
1
20
 
;
BSMC2 ¼
1
20
 
; M ¼ 0
1
 
;
Q ¼ 0:05 0
0 0:05
 
; R ¼ 1;
PSMC ¼
79419491:887 3970974:150
3970974:150 198548:696
 
;
KrSMC ¼ 19:0500022005290;
KxjSMC ¼ 8:87945564091206;
KxSMC ¼ 0:220086625311524;
KySMC ¼ 20:0500022005290;
KuSMC ¼ 0:999999993946403:
The simulation results are shown in Fig. 18. We can obtain
the detailed characterization as shown in Table 5, the smooth
switching performance indices of overshoot and settling time
of SMC obtained by Min selecting law and switching without
compensator are 5.878%, 10.8%, and 2.19 s, 1.73 s, respec-
tively. However, the indices obtained by switching method
with compensator are much smaller, which are 0.241% and
1.71 s, respectively. Thus, it clearly demonstrates that the
proposed method achieves a better smooth switching
performance.5. Conclusions
In this paper, the aircraft engine multi-loop control system is
described in detail and the switching control theory is intro-
duced to solve the regulating and protecting control problems.
This paper might give a positive thought that the switching
performance objectives and the switching scheme are given
and a family of PID controllers and compensators is designed.
Firstly, a new switching scheme has been proposed,
throughout the comparison with traditional switching method
(Min/Max switching law), the performance indices can be
improved better. However, the frequency switching cannot be
avoided. After that, a smooth switching method has been inves-
tigated based on the optimal theory and the internal model
principle. Finally, two examples have conﬁrmed the effective-
ness of the proposed bumpless switching approach. The simu-
lations show that using the method can not only improve the
dynamic performance of the engine control system, but also
can guarantee the stability in some occasions. In that way,
the conservatism is reduced, the dynamic performance is
improved and the multi-loop controllers are regulated well.
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